A series of thermodynamic analyses have been performed to elucidate possible mechanism of Mn-depleted zone (MDZ) development near Ti oxide inclusions as nucleation sites of Intragranular Acicular Ferrite (IGF) transformation in steels, using a computational thermodynamic approach (CALPHAD). It is demonstrated that thermodynamic calculations are able to reproduce experimentally known inclusions evolution in the steels. The MDZ development near the Ti 2 O 3 inclusions is shown to be a result of Mn absorption into the Ti 2 O 3 . Moreover, from thermodynamic analysis of phase equilibria in the Mn-Ti complex oxide system, it is proposed that a phase change of inclusion from ( 
Introduction
There has been much attention to utilize non-metallic inclusions in the steels as catalysts to the grain refinement. Various non-metallic inclusions have been proposed to be potential catalysts for nucleation of intragranular ferrite (IGF). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Although there has been controversy about mechanisms for the nucleation of the IGF, one of the likely mechanisms suggested 7, [17] [18] [19] is development of Mn-depleted zone (MDZ) around the non-metallic inclusions by Mn absorption into the inclusions. Mn is one of austenite stabilizing elements and one of popular alloying elements in steels. By decreasing the Mn content in steel around an inclusion, stability of austenite over ferrite decreases and this results in random-oriented IGF growing on the inclusion. This IGF is distinguishable from allotriomorphic ferrite which generally grows along grain boundaries.
The MDZ development was experimentally observed around non-metallic inclusions such as MnS 2, 4, 11) and TiO x . 12, 13, 16, 20) The IGF growing around these inclusions associated with the MDZ was also confirmed. 16) Therefore, in order to maximize the MDZ development, and subsequent IGF formation, inclusions which can absorb Mn from surrounding steel matrix are practically useful and knowledge on their evolutions in the steels are required. In particular for the TiO x inclusions, a mechanism of MDZ formation by Mn absorption into Ti 2 O 3 was suggested. 13, 16) This is in accordance with experimental observation of Mn solubility in Ti 2 O 3 .
12, [21] [22] [23] However, the evolution of TiO x inclusions is rather complex, because several phases are involved and their stabilities are strongly affected by temperature and oxygen potential. Therefore, phase equilibria and thermodynamics on the MnO-TiO x inclusions are valuable knowledge for the MDZ development.
In this regard, an experimental investigation coupled with thermodynamic modeling for the MnO-TiO x oxide system was performed recently by the present authors. [22] [23] [24] [25] It was found that the MnO-TiO x inclusions form complex solid solutions below their solidus temperature, and their stability are strongly affected by oxygen potential. In previous experimental investigations on evolutions of MnO-TiO x inclusions in steels, 5, 16) researchers have often considered the inclusions as if they were simple stoichiometric compounds such as "Mn 2 TiO 4 ", "MnTi 2 O 4 ", "MnTiO 3 " and "Ti 2 O 3 ". This was due to the fact that reliable phase equilibria in these inclusion systems were not available at that time, and this might have limited interpretations of the experimental results.
In the present study, the MnO-TiO x inclusion evolutions in steels containing C, Mn, Si, Ti, S and O are analyzed using computational thermodynamic calculations, in particular for their ability to develop MDZ in the steels. The calculations are based on recent thermodynamic database development 24, 25) coupled with experimental phase diagram study. 22, 23) The purpose of the present article is not only reporting phase equilibria and inclusion evolution in the steels, but also finding an optimal condition which maximizes the MDZ development as well as the IGF formation in the steels.
Mn-Ti Complex Oxide: Thermodynamic Basis and Phase Equilibria
Before discussing inclusions evolution in steel composed of those elements mentioned above, it is worthwhile to understand their phase equilibria under various conditions. In this section, a brief introduction of thermodynamic calculation and the phase equilibria of the relevant systems for the inclusions observed in steels containing Mn/Ti/Si will be presented.
Thermodynamic Basis
In order to effectively investigate and understand these complex phase relationships, it will be very useful to develop a database containing model parameters giving the thermodynamic properties of all phases as functions of temperature and composition. Using Gibbs free energy minimization software such as FactSage, 26, 27) steel industries and researchers for the steel industries will be able to access the database to calculate the amounts and compositions of all phases (steel, inclusions, etc.) at equilibrium at any temperature and composition in multicomponent steels.
Recently, a complete experimental investigation coupled with thermodynamic modeling for the MnO-SiO 2 -TiO x oxide system was performed by the present authors and a reliable thermodynamic database has been developed. [22] [23] [24] [25] This enables us to investigate with improved accuracy the evolutions of MnO-TiO x complex oxide inclusions in steel through thermodynamic computations.
The 23) Moreover, Si and S contained in the steel result in formation of other inclusions such as Mn 2 SiO 4 , MnSiO 3 , MnS and molten oxysulfide which is composed of MnO-SiO 2 -TiO x -MnS. Among them, the pyrophanite and the tagirovite are almost in a same structure (ilmenite type rhombohedral structure) and form a complete solid solution at high temperature. TiO 2 may not be observed due to its low stability in reducing conditions (low oxygen potential) of steel, although it was also taken into account in thermodynamic calculations in the present study.
A complete thermodynamic database for these phases is available and can be used along with thermodynamic computation software such as FactSage. 26, 27) Structure of thermodynamic models for the inclusion phases are given in Table 1 . Details of thermodynamic models for these phases and their parameter evaluations are discussed elsewhere. 24, 25, [28] [29] [30] [31] Only brief introduction of thermodynamic calculations performed in the present study is described here. Such thermodynamic databases are prepared by critical evaluation, modeling and optimization. In a thermodynamic "optimization", adjustable model parameters of Gibbs energies of all phases are calculated using, simultaneously, all available thermodynamic and phase-equilibrium data in order to obtain one set of model equations as functions of temperature, pressure, and composition. Thermodynamic data, such as activities, can aid in the evaluation of the phase diagrams, and information on phase equilibria can be used to deduce thermodynamic properties. Thus, it is frequently possible to resolve discrepancies in the available data. From the model equations, all of the thermodynamic properties and phase diagrams can be back-calculated, and interpolations and extrapolations can be made in a thermodynamically correct manner. The data are, thereby, rendered self-consistent and compliant with thermodynamic principles, and the available data are distilled into a small set of model parameters, which is ideal for computer storage. Figure 1 shows a calculated phase diagram of Ti 2 O 3 -TiO 2 system. 25, 28) Evidently, as oxygen potential decreases (from right to left), stable phase constitution varies in the phase diagram. 24, 25, 30, 31) for nonmetallic inclusions found in steels containing Mn/Si/Ti/S. 21) using X-ray diffraction method (XRD). Later, this was confirmed by the present authors 22) using electron probe micro analysis (EPMA), which allowed determinations of actual solubility limits of Mn in those phases at several temperatures. The low temperature phase discontinuity was observed by Grey et al. 21) All these data were subsequently used in the thermodynamic modeling. 25) And it was shown that all these data were in good agreement with the thermodynamic calculations using the model and database. 24, 25) In the present study, Gibbs energies for steel (liquid, d, g, and a phases composed of Fe-C-Mn-Si-Ti-O-S) were taken from FSStel database.
Phase Equilibria
32) Gibbs energies of the inclusions including above mentioned MnO-TiO x complex solid oxides as well as solid manganese silicates, molten oxysulfide, solid sulfide were taken from the above mentioned thermodynamic modeling by the present authors and relevant references. 24, 25, [28] [29] [30] [31] All the calculations in the present study were carried out using FactSage. 26, 27) 
Evolutions of MnO-TiO x Complex Inclusions in
Mn/Si/Ti Steels Kim et al. 5) investigated evolution of sizes, compositions and morphologies of primary and secondary inclusions in low carbon Mn/Si/Ti deoxidized steels of various Ti content annealed at 1 200°C, as shown in Fig. 4(b) . They employed a scanning electron microscopy (SEM) coupled with energy dispersive spectrometry (EDS) analysis to characterize those inclusions. They observed influences of the Ti addition on the morphologies and compositions of the oxide inclusions that concentration of SiO 2 in molten oxysulfide inclusions gradually decreased with the Ti addition, and eventually they observed various kinds of MnO-TiO x complex inclusions. Although they did not perform structural analysis for these inclusions, they suggested probable phases (either liquid or solid) of the inclusions from the morphologies observed using the SEM. MnS precipitation on the surface of the oxide inclusions was also discussed in conjunction with the size and compositions of the oxide inclusions. In another study by Byun et al. 16) for similar grade steel samples heat-treated at 1 250°C, they employed a structural analysis for oxide inclusions in their steel samples utilizing a transmission electron microscopy (TEM) coupled with EDS. They observed very similar influences of Ti addition on the inclusions evolution that manganese silicate inclusions change to "Mn 2 TiO 4 ", "MnTiO 3 " and "Ti 2 O 3 ".
In order to clarify the inclusions evolution in low carbon Mn/Si/Ti deoxidized steels of various Ti contents, thermodynamic calculations for a steel (Fe-0.1C-1.5Mn-0.1Si-xTi-0.005O-0.007S in mass%) were carried out using Fact- Sage and the thermodynamic databases mentioned above. The calculations were carried out by varying Ti contents in the steel and temperature while contents of other elements (C, Mn, Si, O, S) were kept (Fe balanced). The calculated results are shown in Fig. 4 (a) as a phase diagram. All stable non-metallic phases are labeled in areas where they are stable. It is important to be noted that thermodynamic calculations performed in the present work assume chemical equilibrium among phases. Therefore, those non-metallic inclusions labeled in each area in the figure are in equilibrium with each other as well as with steel phase. Since steel phases (liquid, d, g and a) are stable all over the phase diagram, they are not labeled in the figure. As can be seen in the figure, first of all, the steel starts to solidify at 1 520°C (f s ϭ0) and completes its solidification at 1 481- Similar thermodynamic calculations at 1 250°C were carried out for another steel sample (Fe-0.08C-1.6Mn-0.2Si-xTi-0.005O-0.002S) in order to compare with the observations by Byun et al. 16) Although they reported "Mn-Si-O", "MnS", "Mn 2 TiO 4 ", "MnTiO 3 ", and "Ti 2 O 3 " as inclusions in their samples, the present calculation suggested molten oxysulfide, solid MnS and (Ti 3 O 5 ) inclusions be stable at 1 250°C. Unfortunately, the observed "Mn 2 TiO 4 " of cubic symmetry, and "Ti 2 O 3 " of rhombohedral structure in their study were not accounted for by the present thermodynamic calculation. However, the (Ti 3 O 5 ) inclusion in the calculation is found to be transformed into (MnTiO 3 ) or (Ti 2 O 3 ) inclusions at low temperature (Ͻϳ800°C) in a subsequent calculation. These discrepancies might be due to local segregation of Mn and Ti, or probable phase changes during further slow cooling of the sample from 1 250°C in the study of Byun et al. 16) Nevertheless, the computational thermodynamic approach is found to be a reliable tool for the prediction of non-metallic inclusions evolution in low carbon Mn/Si/Ti deoxidized steels.
One of interesting points in these calculations is the evolution of the Ti containing oxide as a function of Ti content in the steel. Starting from the left side of Fig. 4 at 1 200°C , the first forming Ti containing oxide inclusion is (MnTiO 3 ) which is in equilibrium with the molten oxysulfide as labeled L, solid MnS, as well as fcc (g). As the Ti content in the steel increases, the stable inclusions change from ( is mainly due to increasing Ti content in steel (or Ti activity in steel) at a given temperature. On the other hand, phase change from the (Ti 3 O 5 ) to the (Ti 2 O 3 ) seems mainly due to decreasing oxygen potential in the steel by increasing Ti content in steel which plays as a deoxidizer. This can be easily understood by drawing a different type of phase diagram in which oxygen potential is an axis variable. As an example, Fig. 6 shows the phase diagram of the Mn-Ti-O 2 system at 1 200°C with n Ti /(n Mn ϩn Ti ) and oxygen potential as variables. The x-axis (n Ti /(n Mn ϩn Ti )) can be read as metallic composition in each inclusion. Thin lines are calculated phase boundaries, and a thick line with arrows is calculated equilibrium compositions and oxygen potential of inclusions in a steel (Fe-0.1C-1.5Mn-xTi-0.005O (0ϽxϽ0.02)). For the sake of simplicity, Si and S were ignored in this calculation. As Ti content in the steel (x) increases, stable inclusions in the steel are (MnO) in which little TiO 2 dissolves, then (Mn 2 TiO 4 ), (MnTiO 3 ), (Ti 3 O 5 ) and (Ti 2 O 3 ), in the increasing order of x. In the (Ti 3 O 5 ) single phase region, the oxygen potential decreases rapidly (log p O 2 ϭϳϪ17.1 to ϳϪ19.7 (bar)) as the Ti content in the steel increases, and at an oxygen potential (log p O 2 ϭϪ19.7 (bar)), the (Ti 3 O 5 ) changes to (Ti 2 O 3 ). From this calculation, it can be understood that in a region where the Ti content in the steel is relatively low, oxygen potential is relatively high and (MnTiO 3 ) inclusion can be stable. However, as the Ti content increases, it results in more oxide inclusion with lowering oxygen potential due to its affinity to oxygen, and eventually forms (Ti 2 O 3 ) inclusions. The path of inclusions evolution is also plotted in Fig. 3 as dotted line with arrow indicating increasing the Ti content in the steel.
In the Fig. 6 , it can be seen that in most cases, Ti contents in those inclusions (n Ti /(n Mn ϩn Ti )) are also increased by increasing the Ti content in the steel. It is striking to note from the figure that, when the (Ti 3 O 5 ) transforms to the (Ti 2 O 3 ), the Mn concentration in the inclusions increases. It can also be found in Fig. 5 at Ti content on the steel ([Ti])ϭ0.015 mass%. This plays a key role in the development of a Mn-depleted zone (MDZ) in steel, which will be discussed in the section to follow.
Development of Mn-depleted Zone (MDZ) near Ti 2 O 3 Inclusions
Shim et al. 33) investigated a MDZ around Ti oxide layer by steel-Ti oxide bonding experiment and observed IGF at the steel/Ti oxide interface. Furthermore, the MDZ development around the Ti oxide was confirmed by EPMA analysis. Width of the zone (distance from the interface) was increased by increasing temperature and time. In a subsequent study by Byun et al. 16) employing TEM-EDS analysis for non-metallic inclusions in Ti-killed C-Mn steel, similar MDZ was observed around Ti 2 O 3 inclusions. However, they reported that no MDZ could be observed around MnSiO 3 inclusion. From these observations, they concluded that the MDZ could be developed by absorption of Mn from the steel matrix to the Ti 2 O 3 . This agrees with the model structure of the (Ti 2 O 3 ) solid solution shown in Table 1 that Mn 2ϩ and Ti 3ϩ are substituted each other in the first sublattice while Ti 4ϩ and Ti 3ϩ are substituted simultaneously in order to keep charge neutrality.
However, as can be seen in Fig. 4(a) , it is suggested that (Ti 3 O 5 ) inclusion exists before the (Ti 2 O 3 ) inclusion formed in the steel. As shown in Fig. 4(a) 5, 16) presumably due to the lack of experimental data. However, a recent Ti-deoxidation study in molten steel employing electron backscattered diffraction (EBSD) structural analysis for oxidized phase formed at interface between molten iron and TiO x crucible 37) revealed that Ti 3 O 5 is in equilibrium with steels containing 0.0004-0.36 mass% Ti while Ti 2 O 3 is in equilibrium with steels containing more than 0.5 mass% Ti at steel refining temperature (1 600°C). Ti content concerning the present analysis falls in the former range. Therefore, during the steel refining stage, (Ti 3 O 5 ) is likely to form instead of (Ti 2 O 3 ). It can later be changed to (Ti 2 O 3 ) at low temperature due to low oxygen potential in the steel, assuming fast oxygen diffusion in steel matrix. And as mentioned in the previous section, Mn content in Ti oxide inclusion increases by the phase change from the (Ti 3 O 5 ) to the (Ti 2 O 3 ) as shown in Fig. 6 . Therefore, it is thought that MDZ could be easily developed when the phase change from the (Ti 3 O 5 ) to the (Ti 2 O 3 ) takes place. If the condition of the phase change of those inclusions in steel is able to be controlled, then the development of the © 2010 ISIJ MDZ can also be controlled. Through Figs. 4 to 6 , it can be seen that the temperature, Ti content in the steel, and oxygen potential can be major variables for the control of the phase change. However, control of the oxygen potential and/or Ti content after steel solidification is difficult to be achieved in practice. Therefore, more likely variable would be the temperature. For example, if a steel contains 0.005 mass% O and 0.015 mass% Ti at 1 600°C (Fe-0.1C-1.5Mn-0.1Si-0.007S-0.005O-0.015Ti in mass%), as seen in Fig. 4(a) , non-metallic inclusion stable at 1 600°C is (Ti 3 O 5 ). If this steel is allowed to cool down to 1 200°C, the (Ti 3 O 5 ) changes to (Ti 2 O 3 ) near 1 200°C if equilibrium is attained by, for example, annealing. Then, it is interesting to know how much Mn is absorbed into this Ti-oxide at each temperature, in particular near 1 200°C where the phase change occurs. This was also simulated by thermodynamic calculation and shown in Fig. 7(a) . In this figure, the y-axis represents Mn content in oxide inclusions (Ti 2 O 3 ) and (Ti 3 O 5 ), respectively, relative to whole mass of those oxide inclusions. As seen in the figure, Mn content in those oxide inclusions is low (less than 2 mass%), so those oxide inclusions are almost pure Ti oxides. This is why those inclusions have been recognized as if they were pure Ti 2 O 3 (or Ti 3 O 5 ). However, as mentioned earlier, the solubility of Mn is an important factor in the MDZ development, and this should be taken into account in the analysis of inclusions. ) increases abruptly at this temperature (from ϳ0.2 to ϳ1.5 mass%). Since mass fraction of the Ti oxide inclusions is about 0.015 mass% in the steel (as seen in Fig. 5 ), the mass percent of the Mn absorbed into those Ti oxide inclusions with respect to the steel is around 3ϫ10
Ϫ4 mass%, as shown in Fig. 7(b) where the y-axis represents mass percent of Mn in the oxide inclusions relative to whole mass of the steel. This value (3ϫ10 Ϫ4 mass%) is, clearly, very small compared to 1.5 mass% total Mn in the steel. However, if a reheating of the steel is carried out in a limited time in actual processes, it may be assumed that the Mn absorption into the (Ti 2 O 3 ) inclusion occurs only in the vicinity of the (Ti 2 O 3 ) inclusion. This should result in a sharp decrease of Mn around the inclusion. Therefore, in the present study, a simple calculation was tried to observe how much Mn could be absorbed into (Ti 2 O 3 ) inclusions from the thin steel matrix "shell" around the inclusions. According to Byun et al., 16) width of the MDZ which appeared around Ti 2 O 3 inclusion was about 0.1 mm after 20 min annealing where size of the Ti 2 O 3 inclusion is about 1 mm. Also from statistical analyses on the size of inclusions in several steel samples, 5, 38) apparent diameter of Ti oxide inclusions in steels after fast cooling as in continuous casting mold is about 1 mm. If it is assumed that 1) diffusion of Mn from the shell to the inclusions occurs only within 0.1 mm thickness of the shell around the inclusions, 2) shape of the Tioxide inclusion is spherical, 3) the diffusion in the shell takes place completely so no concentration gradient develops in the shell, then using only thermodynamic calculations, it is possible to predict the concentration of Mn in the shell after MDZ forms. In the calculation, density of the (Ti 2 O 3 ), the (Ti 3 O 5 ), and the steel were assumed to be the inclusions, Mn content in the shell around the inclusions vary from ϳ1.6 to ϳ0.6 mass% depending on distance from the interface between the inclusion and the steel matrix, annealing time, and temperature. 16) This is in good agreement with the present calculation. And as shown in the Fig. 7(a) , the Mn decreased in the shell diffuses into the (Ti 2 O 3 ) inclusions, and consequently the MDZ develops near the (Ti 2 O 3 ) inclusions.
Apparently, the assumptions made in this calculation may look far from reality, and time-length-dependent diffu-sion analysis is worthwhile to pursue in order to produce more quantitative result. Nevertheless, this simple calculation shows the possibility of Mn-depleted zone development near (Ti 2 O 3 ), and, moreover, how steel chemistries and process temperature should be controlled in order to get better condition for the MDZ development and subsequent IGF formation. In the view of process temperature for steel reheating, as seen in this example for the steel (Fe-0.1C-1.5Mn-0.1Si-0.007S-0.005O-0.015Ti), 1 200°C is good for (Ti 2 O 3 ) inclusions change from (Ti 3 O 5 ) inclusions with MDZ developed around it. This also can be read from the Fig. 4(a) . Therefore, if Ti content in the steel changes, corresponding phase changing temperature can be read from the figure (ex., 1 100°C for [Ti]ϭ0.012, 1 300°C for [Ti]ϭ0.020 mass%). The calculations can easily be made for steels with different chemistry as long as similar types of inclusions form in the steel.
Byun et al. 16) also reported that increasing annealing temperature increases depth of the MDZ (concentration gradient) as well as width of the MDZ (topological distance). Because the Mn diffusion is thermally activated process, increasing temperature accelerates the diffusion velocity. However, as seen in Fig. 7(a) , in the view of phase equilibria and thermodynamics, ability of the Mn absorption into the Ti oxide also increases with increasing temperature. As mentioned before, one of key points to enhance the development of MDZ (and followed by IGF formation) is Mn absorption into the (Ti 2 O 3 ) during the phase change from the (Ti 3 O 5 ). It can be achieved through the control of steel chemistry and temperature. It is expected that more efficient condition could be predicted by utilizing the method used in the present study coupled with diffusion analysis.
Intragranular Ferrite Formation Near (Ti 2 O 3 ) Inclusions by Mn-deleted Zone
It has long been known that Mn is one of representative austenite stabilizing element in steel. Thermodynamic stability of the austenite varies as Mn content in the steel varies. In other words, when Mn content in steel decreases, then the thermodynamic stability of the austenite decreases relative to that of ferrite. Therefore, decreasing Mn content in steel by any means would increase driving force of ferrite nucleation, and it has been experimentally observed by Byun et al. 16) that Mn absorption into Ti oxide inclusion results in IGF near the inclusion. In Sec. 4, it was shown that the phase change from (Ti 3 O 5 ) to (Ti 2 O 3 ) results in promotion of Mn depletion around the (Ti 2 O 3 ) inclusion, and this will contribute to early ferrite precipitation from austenite near the inclusion compared to austenite matrix.
Primary purpose of the MDZ formation in steels is to enhance intragranular acicular ferrite (IGF) formation within prior austenite grain rather than allotriomorphic ferrite which forms along grain boundary of prior austenite. Therefore the desire in practice is to form inclusions which act as a nucleation site of IGF. Through the previous investigations as well as the discussions made in the present study, it was elucidated that (Ti 2 O 3 ) inclusions is useful to develop the MDZ, and it is expected to enhance the IGF formation, by absorption of Mn from the steel matrix. In the present study, this was simulated quantitatively through a series of thermodynamic calculations. On the other hand, it is well known that formation of allotriomorphic ferrite on the grain boundary is not useful for the grain refinement; hence it is necessary to promote the IGF formation inside the prior austenite grain before the allotriomorphic ferrite on the grain boundary forms. In this purpose, A 3 temperature at which ferrite starts to form from austenite during cooling was calculated for steels with variable Mn contents (Fe-0.1C-xMn-0.1Si-0.007S-0.005O-0.015Ti, 0ϽxϽ2) in order to observe the effect of the depletion of Mn in the shell around the (Ti 2 O 3 ) inclusions. The calculated A 3 temperature is shown in Fig. 8 as a function of the Mn content in the steel. When the Mn content in the steel matrix is 1.5 mass% (point [A]) while that in the shell near the inclusions is 0.5 mass% (point [B]) as simulated in Fig. 7 , the A 3 temperature differs as much as 35°C. From the thermodynamic point of view, only austenite (g) is stable above the line, and ferrite (a) becomes stable phase below the line. However, if it is considered that Mn content in the steel matrix is still 1.5 mass% while that in the shell is low (0.5 mass%), then g↔a transformation occurs in the shell even at temperature above T [A] while rest of steel matrix is kept as austenite. Therefore, the ferrite which forms in the temperature range between T [A] and T [B] may be considered as the IGF (labeled as ferrite I), as long as Mn content in the steel except for in the shell does not vary much from 1.5 mass%. Below the T [A] , allotriomorphic ferrite (ferrite II) will start to form on the grain boundary and compete with the IGF. Therefore, in order to allow enough driving force to form the IGF, annealing of the steel just above a temperature where the allotriomorphic ferrite starts to form on the grain boundary (ex., T [A] ) is expected to be good to form the IGF near the inclusions as much as possible, provided that no kinetic retardation occurs.
Consequently, a thermal cycle of the steel is suggested as shown in Fig. 9 in order to promote the IGF in the thermodynamic point of view: 1) after casting the steel, it is reheated at a temperature where (Ti 3 O 5 ) inclusions undergoes the phase change to (Ti 2 O 3 ) in order to allow them to absorb Mn from the shell near the inclusions, 2) after rolling, a second annealing is proposed at another temperature just above the allotriomorphic ferrite would form to promote the IGF formation near the inclusion before allotriomorphic ferrite forms on the grain boundary of the austenite. The temperature can be known from the Mn content in the steel © 2010 ISIJ 
